Iron regulation of the human transferrin receptor gene was examined in murine cells transformed with chimeric constructs containing the human transferrin receptor gene's promoter and either the structural gene for bacterial chloramphenicol acetyltransferase or the human transferrin receptor cDNA. The activity of the transferrin receptor gene's promoter with the heterologous indicator gene was found to be 3-fold higher in cells treated with the iron chelator desferrioxamine than in cells treated with the iron source, hemin. A higher degree of iron regulation was seen in the expression of the human transferrin receptor cDNA driven by its own promoter. The receptor cDNA under the control of the simian virus 40 early promoter was also iron-regulated. Several human transferrin receptor transcripts differing in their 3' end were produced in the murine cells regardless of the promoter used, with the shorter transcripts being relatively unregulated by iron. Deletion of cDNA corresponding to most of the 3' untranslated portion of the mRNA for the receptor ablated the iron regulation. We conclude that at least two genetic elements exist for the regulation of the transferrin receptor gene by iron. One has its locus in the DNA upstream of the transferrin receptor gene's transcription start site, and the other is dependent upon the integrity of the sequences in the 3' end of the gene.
Eukaryotic cells acquire iron through the endocytosis of diferric transferrin (T) bound to its high-affinity cell-surface receptor (1) (2) (3) . The expression of transferrin receptors (TfR) in proliferating cells is regulated by iron availability. Chelation of intracellular iron by desferrioxamine leads in K562 cells to an increase in expression of TfR mRNA, and provision of iron results in decreased TfR mRNA expression (4) (5) (6) . Isolated nuclei from desferrioxamine-treated K562 cells incorporate more [a-32P]UTP into TfR-specific RNA than do nuclei from hemin-treated cells (6) . However, the magnitude of the observed difference in nuclear transcription rates (estimated at 3-to 5-fold) was less than the difference in TfR mRNA levels (often >20-fold) in identically treated intact cells.
Here we report that the gene for chloramphenicol acetyltransferase (CAT) under the control of the promoter region of the gene for human TfR (TfR promoter) in murine cells is regulated by manipulations of iron availability to a degree similar to that seen in the aforementioned nuclear run-off experiments. We present evidence for an additional ironresponsive element residing in sequences corresponding to the 3' untranslated portion of the TfR mRNA.
MATERIALS AND METHODS
Plasmids. The constructs -1700/ + 66CAT and -4300/ + 13CAT were prepared by isolation of the EcoRI-Xba I fragment and the HindIII-EcoRV fragment, respectively, of the TfR genomic clone ATR4 (7) . These fragments were ligated via linkers in the HindIII site of the promoterless plasmid pSVOcat (8) .
The TfR minigene construct 1, TRmgl, was prepared by ligation of the EcoRI-EcoRV fragment (-1700/ + 13) of ATR4 and the EcoRV-BamHI fragment of the TfR cDNA clone pcDTR1 (9) with the vector pUC8, which had been cut with EcoRI and BamHI. The construct TRmg6 was derived from TRmg1 by cutting with EcoRI (-1700) and Nru I (-95) followed by fill-in and ligation. The constructs TRmg2 and TRmg3 were also derived from TRmgl. A Bcl I-BamHI fragment containing the early and late polyadenylylation signal sequences was isolated from simian virus 40 (SV40) DNA (Bethesda Research Laboratories) and inserted into either the BamHI site of TRmg1 (to yield TRmg2) or between the Bgl II and BamHI sites of TRmgl so that the 3' untranslated portion [-2 kilobases (kb)] of the TfR cDNA was deleted (to yield TRmg3). The construct SVcDTR was prepared by a ligation of the 2.6-kb EcoRI-HindIII fragment of pSV2cat (8) with the 4.9-kb EcoRV-BamHI fragment of pcDTR1.
Plasmids were amplified in Escherichia coli strain DH5 (Bethesda Research Laboratories) by using spectinomycin (International Biotechnologies, New Haven, CT). Plasmids were prepared by the alkaline NaDodSO4 method (10) (14) ] or with -4300/ + 13CAT, the level of CAT RNA was 2-to 3-fold higher after desferrioxamine treatment than after treatment with hemin ( Fig. 2A ). Cells transformed with pSV2cat displayed no iron effect on the level of CAT RNA. In these experiments CAT RNA expression was increased by treatment with sodium butyrate, which has been shown to alter expression of certain genes (15 (12) . When the TfR cDNA was linked to the TfR promoter, the magnitude of iron regulation of human TfR in mouse cells was similar to that of the endogenous mouse TfR. Added to the findings of Fig. 2 , this result strongly suggested that the transcribed region of the TfR gene participates in iron regulation. To test this conclusion, we stably transformed B6 cells with plasmic SVcDTR in which the human TfR cDNA was placed downstream of a heterologous promoter (see Fig. 1 ). In these cells, expression of the human TfR was undetectable unless the cells were treated with sodium butyrate (Fig. 4A ).
When butyrate was used to induce human Tfl expression in SVcDTR cells, its biosynthesis was also highly regulated by iron (Fig. 4B ). (Fig. 4C) . In K562 cells (6) and in mouse L cells (data not shown) the TfR transcript is 4.9 kb, similar to the largest of the human transcripts in the mouse transformants. All of the human TfR transcripts in the transformants were polyadenylylated as judged by their binding to an oligo-dT column (data not shown). That the TfR transcripts in the transformants differed from one another in their 3' end was established by comparison of hybridization with the full-length TfR cDNA (Fig. 4C Left) and with a probe corresponding to the 3'-most 2 kb of the TfR cDNA (Fig. 4C Right) . In the latter case, the hybridization pattern was heavily weighted toward the 4.9-kb transcript, indicating that the smaller transcripts were lacking some or all of the mRNA sequences that are homologous to this 3' probe.
It was apparent that the 4.9-kb transcript was much more highly regulated than were the shorter transcripts. Whereas the total signal in desferrioxamine-treated TRmgl cells was estimated by densitometry to be increased <10-fold over that for the same cells treated with hemin (D/H < 10), the D/H value for the 4.9-kb transcript in these cells was determined to be >35. The D/H value for the 4.9-kb transcript in the SVcDTR cells was estimated to be =10. This difference between TRmgl and SVcDTR cells in the magnitude of iron regulation of the 4.9-kb transcript may be a reflection of the iron-responsive transcriptional element.
Our conclusion that the 3' untranslated portion of the TfR transcript is a major locus of iron regulation was initially based upon this lower degree of iron regulation of transcripts lacking this region. To test this conclusion more directly, we prepared a construct termed TRmg3 from which we had excised the 3'-most 2 kb of the TfR cDNA (see Fig. 1 ). We introduced downstream an SV40 polyadenylylation signal sequence on the possibility that this would simplify the pattern of transcripts. For comparison, we prepared TRmg2, which contained the full-length cDNA with the same downstream SV40 polyadenylylation signal. Murine transformants of TRmg2 or TRmg3 produced human TfR of identical size, consistent with the fact that both plasmids contained cDNA corresponding to the entire translated region of the TfR mRNA. The biosynthesis of human TfR in TRmg2 cells was highly regulated by iron (Fig. SA) as had been seen with the two previous plasmids that contained the full-length cDNA (TRmgl and TRmg6). The TfR biosynthesis in TRmg3 cells appeared to be unregulated by iron when assessed in this way.
An analysis of the RNA transcripts produced by TRmg2 and TRmg3 cells is shown in Fig. 5B . The TRmg2 cells continued to produce smaller transcripts in addition to the 4.9 kb that was highly iron-regulated. The TRmg3 cells produced a single human TfR transcript the size of which was consistent with the truncation of the 3' end of the TfR cDNA in the parental plasmid. (22) , for stabilization of their transcripts (23) , and for modulation of translation (24) . Our results suggest that at least two elements of the TfR gene are involved in the regulation of TfR expression by iron availability. Previously, we had shown that nuclei from desferrioxamine-treated K562 cells incorporated more [a-32P]UTP into TfR mRNA than did nuclei from hemin-treated cells (6) . In the present study, we have examined the iron regulation of chimeric gene constructs following integration into murine fibroblasts. A CAT construct containing the TfR promoter with only 13 bp corresponding to nucleotides of the native TfR transcript was regulated %3-fold by iron manipulations (Fig.  2) .
The magnitude of the iron regulation of our TfR promoter-CAT gene constructs was similar to that observed in K562 nuclear run-offs (6) but was insufficient to account for the iron-dependent alterations of TfR mRNA levels that occur in cultured cells. In instances where the level of mRNA for a gene is altered (as with TR), regulation beyond the level of initiation of transcription often has been inferred from an inability to account for the magnitude of the changes in RNA level by the directly measured increase in transcription rate. For example, prolactin causes a 13-fold increase in casein mRNA levels through a 2-to 4-fold increase in transcription and a marked increase in casein mRNA stability (25) . We observed that a construct in which expression of the TfR cDNA was driven by a heterologous promoter (SVcDTR) was also iron-regulated (Fig. 4) . The constructs -4300/+ 13CAT and SVcDTR have no TfR gene sequences in common, indicating that at least two regions of the TfR gene are involved in iron regulation. The construct -4300/ + 13CAT contains an iron-responsive transcription element. The second region mediating iron responsiveness was identified by the loss of iron regulation after a deletion of plasmid DNA corresponding to the 3' untranslated portion of the TfR mRNA. Our inspection of the published sequence of the 3' end of the TfR cDNA (26) revealed multiple copies of the sequence element proposed to be responsible for the short half-lives of mRNAs of several other rapidly regulated genes (27) , suggesting that one possible mechanism for regulation would be an iron-dependent modulation of TfR mRNA stability.
In addition to our nuclear run-off experiments in K562 (6), others have examined in like fashion TfR transcription rates within activated T cells (28) and in HL60 cells treated with dibutryl cAMP (29) . Activation of T cells results in increased TfR gene expression, whereas cAMP treatment of HL60 cells results in decreased TfR gene expression. The corresponding changes in transcription rates that were observed in both instances are consistent with a transcriptional component to these regulations of TfR gene expression. Based upon constructs similar to those described here, Owen and Kuhn (30) have recently concluded that the 3' untranslated portion of the TfR gene is required for mRNA regulation by iron. No evidence for a transcriptional iron-responsive element was presented by Owen and Kuhn (30) . Interestingly, they observed that deletion of the 3' untranslated sequences did not eliminate the decrease in TfR gene expression that accompanied fibroblast growth arrest by serum deprivation. Pelosi et al. (31) have also suggested a distinction between iron regulation of TfR and the increase in TfR gene expression that is observed upon activation of T lymphocytes. Multiple levels of regulation mediated by distinct regions of the TfR gene might be used to differentially respond to more than one stimulus or might be utilized to achieve a magnitude of response greater than that which could be attained using only one regulatory mechanism.
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